In the HIV vaccine field, there is a need to produce highly immunogenic forms of the Env protein with the capacity to trigger broad B and T-cell responses. Here, we report the generation and characterization of a chimeric HIV-1 gp120 protein (termed gp120-14K) by fusing gp120 from clade B with the vaccinia virus (VACV) 14K oligomeric protein (derived from A27L gene). Stable CHO cell lines expressing HIV-1 gp120-14K protein were generated and the protein purified was characterized by size exclusion chromatography, electron microscopy and binding to anti-Env antibodies. These approaches indicate that gp120-14K protein is oligomeric and reacts with a wide spectrum of HIV-1 neutralizing antibodies. Furthermore, in human monocyte-derived dendritic cells (moDCs), gp120-14K protein upregulates the levels of several proinflammatory cytokines and chemokines associated with Th1 innate immune responses (IL-1β, IFN-γ, IL-6, IL-8, IL-12, RANTES). Moreover, we showed in a murine model, that a heterologous prime/boost immunization protocol consisting of a DNA prime with a plasmid expressing gp120-14K protein followed by a boost with MVA-B [a recombinant modified vaccinia virus Ankara (MVA) expressing HIV-1 gp120, Gag, Pol and Nef antigens from clade B], generates stronger, more polyfunctional, and greater effector memory HIV-1-specific CD4 + and CD8 + T-cell immune responses, than immunization with DNA-gp120/MVA-B. The DNA/MVA protocol was superior to immunization with the combination of protein/MVA and the latter was superior to a prime/boost of MVA/MVA or protein/ protein. In addition, these immunization protocols enhanced antibody responses against gp120 of the class IgG2a and IgG3, together favoring a Th1 humoral immune response. These results demonstrate that fusing HIV-1 gp120 with VACV 14K forms an oligomeric protein which is highly antigenic as it activates a Th1 innate immune response in human moDCs, and in vaccinated mice triggers polyfunctional HIV-1-specific adaptive and memory T-cell immune responses, as well as humoral responses. This novel HIV-1 gp120-14K
Introduction
Acquired Immunodeficiency Syndrome (AIDS) is a scourge on mankind with an estimated 39 million deaths so far since the discovery of HIV-1, and over 35 million cases reported in 2013 (WHO Report October, 2014). Emergence of drug resistant strains and the high mutation rate of HIV-1 are the main obstacles in developing an effective vaccine against HIV/AIDS [1, 2] . Among the different HIV/AIDS vaccine candidates developed, the HIV-1 envelope glycoprotein stands out to be the most promising one [3, 4] . The precursor HIV-1 envelope protein exists as a polyprotein, known as gp160, which subsequently is cleaved into the receptor binding domain (gp120) and the membrane binding domain (gp41) [5] . The HIV-1 gp120 protein adopts conformational changes upon binding to the cell surface receptor CD4 and co-receptors CCR5 and CXCR4, thereby assisting viral entry into the cells and is therefore an attractive target for the immune system [6] [7] [8] . A small cohort of infected individuals (10-25%) is able to generate broadly neutralizing antibodies (bnAbs), suggesting that a viable gp120-based vaccine against HIV/AIDS is feasible [9, 10] . Generating an Env protein which mimics the native conformation is a long sought goal in HIV/AIDS vaccine development since the use of monomeric gp120 in clinical trials ended in failures with the exception of RV144 phase III clinical trial that showed a modest efficacy of 31.2% [11] . The conformational differences between the purified monomeric gp120 protein and its native form could explain these failures. There are evidences to support the fact that a trimeric gp120 is far more superior than monomers in eliciting neutralizing antibodies even though monomeric gp120 capable of inducing neutralizing antibodies have been reported [12] [13] [14] . However, a major drawback in evaluating the best immunogen is the time and complexity involved in identifying those candidates that resemble the native form of the gp120 protein. Some of the recently identified bnAbs, which bind exclusively to gp120 trimer, hold the key for rapid screening of potent vaccine candidates [13, 15] . Among these, PG9 and PG16, glycan dependent immunoglobulins isolated from an African donor, recognize an epitope on the quaternary structure of the gp120 protein [15, 16] .
Although neutralizing antibodies against gp120 are crucial, an equally important aspect is the generation of HIV-1-specific T-cell immune responses. There is substantial evidence pointing out that HIV-1-specific CD4 + and CD8 + T-cells mediate protection in vivo [17, 18] . An understanding of the crucial role played by T-cells in HIV-1 suppression comes from studying the immune system in "Elite controllers", a group of people who are able to control HIV-1 replication without any treatment [19, 20] . Of the numerous clinical trials carried out so far with different HIV/AIDS vaccine candidates, only the RV144 phase III clinical trial based on priming with a recombinant canarypoxvirus ALVAC expressing the Env protein and boosting with an adjuvanted monomeric HIV-1 gp120 protein showed a modest protection of 31.2% [11] . The induction of high affinity IgG antibodies against V1/V2 and V3 regions of gp120 was determined to be an important correlate of reduced risk in this study [21] [22] [23] [24] [25] . Although the percentage of protection was low, this trial opened up new avenues for developing an effective vaccine against HIV/AIDS. Therefore, improving the immunogenicity of gp120 protein to provide a balanced humoral and T-cell immune response could be of help in the development of a successful gp120-based HIV/AIDS vaccine.
We have previously described a procedure to generate oligomeric forms of the Plasmodium circumsporozoite (CS) protein after its fusion to the VACV 14K (derived from A27L gene) protein and its adjuvant-like effect in prime-boost immunization protocols conferring protection after challenge with the malaria parasite [26] . VACV 14K protein is composed of 110 amino acid (aa) residues containing a heparin binding domain (HBD), a coiled-coil domain (CCD) and a leucine zipper domain (LZD). The HBD (aa [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , includes the core sequence KKPE (aa [26] [27] [28] [29] , which is structurally flexible and essential for binding to cell surface heparan sulfate (HS) [27] [28] [29] . The CCD (aa is required for self-oligomerization in vitro and contains cysteines 71 and 72 to form disulfide bonds during A27 (14K) self-assembly. The LZD (aa ) is the A17 binding region and was predicted to be a leucine zipper. The trimer structure of a truncated form (aa 21-84) of the VACV 14K protein has been defined consisting of two parallel α-helices and one antiparallel α-helix [30] . In the present study, we demonstrate that fusing VACV 14K protein to the C-terminus of HIV-1 gp120 enhanced the immunogenic characteristics of gp120. This HIV-1 fusion protein (termed gp120-14K) was easily purified from mammalian cell cultures and was recognized by a panel of well-known HIV-1 neutralizing antibodies. Furthermore, the HIV-1 gp120-14K immunogen upregulated in human moDCs, proinflammatory cytokines and chemokines associated with a Th1 innate immune response and triggered in immunized mice HIV-1-specific humoral and cellular immune responses. Thus, the gp120-14K protein can be used to enhance the HIV-1-specific T-cell and B-cell immune responses, and might be considered as an HIV-1 immunogen for improved vaccines against HIV/AIDS.
Materials and Methods

Ethics Statement
All animal procedures were approved by the Ethical Committee of Animal Experimentation of Centro Nacional de Biotecnologia (CEEA-CNB), in accordance with national and international guidelines and with the Royal Decree (RD 1201/2005). Permit number: 11044.
Studies with peripheral blood mononuclear cells (PBMCs) from healthy blood donors recruited by the "Centro de Transfusión de la Comunidad de Madrid" (Madrid, Spain) were approved by the Ethical Committee of Centro de Transfusión de la Comunidad de Madrid (Madrid, Spain). Written informed consent was obtained from each donor before blood collection, for the purpose of this investigation according to a collaborative agreement between the "Centro de Transfusión de la Comunidad de Madrid" and the CNB-CSIC. All information was kept confidential.
Cells and viruses
Established chick DF-1 cells (a spontaneously immortalized chicken embryo fibroblast cell line. ATCC, Manassas, VA) and primary chicken embryo fibroblast (CEF) cells [31] were grown in Dulbecco´s modified Eagle´s medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS), as previously described [31] . MoDCs were obtained as previously described [32] [33] [34] . Briefly, peripheral blood mononuclear cells (PBMCs) from buffy coats of healthy donors (recruited by the Centro de Transfusión de la Comunidad de Madrid, Madrid, Spain) were obtained by Ficoll gradient separation on Ficoll-Paque (GE Healthcare). Then, CD14 + monocytes were purified by negative selection using Dynabeads Untouched human monocytes kit (Invitrogen Dynal AS, Oslo, Norway), following manufacturers protocol. Next, to obtain moDCs, purified monocytes were cultured for 7 days in 6-well plates (3 × 10 6 cells/ well at 1×10 6 cells/ml) in complete RPMI 1640 medium containing 10% heat-inactivated FCS and supplemented with 50 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) and 20 ng/ml IL-4 (both from Gibco-Life Technologies). 293T cells were maintained at appropriate conditions as described by ATCC. Stable transfected mammalian Chinese Hamster Ovary (CHO) cells (CHO-K1 and CHO-Lec 3.2.8.1 cells) [35] expressing HIV-1 gp120-14K were grown in roller bottles with MEM medium lacking glutamine in the presence of 25 μM of the negative selective agent L-methionine sulfoximine (Sigma-Aldrich) and supplemented with 3% FCS. Cell cultures were maintained at 37°C (CEF, moDCs, 293T and CHO) or 39°C (DF-1) in a humidified incubator containing 5% CO 2 .
The poxvirus strains used in this work included the attenuated MVA-WT and the recombinant MVA-B expressing the HIV-1 gp120 protein, as a cell-released product, and HIV-1 GagPol-Nef as an intracellular polyprotein from HIV-1 clade B isolates [31] [32] [33] [34] [36] [37] [38] . All viruses were grown in primary CEF cells, purified by centrifugation through two 36% (w/v) sucrose cushions in 10 mM Tris-HCl pH 9, and titrated in DF-1 cells by plaque immunostaining assay, as previously described [31] . The titer determinations of the different viruses were performed at least two times. All viruses were free of contamination with mycoplasma, fungi or bacteria.
Construction and purification of plasmid DNA vectors
Different plasmid DNA vectors were used in this study, such as pCMV-gp120 BX08 , pcDNAgp120-14K and pBJ5-GS-gp120-14K. A) pCMV-gp120 BX08 : Plasmid vector expressing the mammalian codon optimized gp120 of HIV-1 BX08 isolate from clade B, containing an artificial signal peptide for enhanced secretion of the protein; the gp120 encoding BX08 gene was kindly provided by Sanofi-Pasteur. B) pcDNA-gp120-14K: Plasmid expressing the mammalian codon optimized gp120 of HIV-1 BX08 isolate from clade B, fused to the VACV 14K protein (derived from A27L gene), was generated following a similar strategy to the one previously described [26] . C) pBJ5-GS-gp120-14K: The chimeric HIV-1 gp120-14K gene was cloned into pBJ5-GS plasmid, a kind gift from José Casasnovas (CNB-CSIC), which contains a glutamine synthetase minigene. This plasmid was used to generate the stable CHO cell lines (CHO-K1 and CHO--Lec) expressing HIV-1 gp120-14K.
All plasmids were purified using EndoFree Plasmid Mega Kit according to the manufacturer's instructions (Qiagen) and their correct generation and expression was confirmed by DNA sequence analysis (Secugen, Spain) and western blot using specific antibodies.
Protein purification
HIV-1 gp120-14K proteins were purified from the CHO-K1 and CHO-Lec cell supernatants by affinity chromatography with Galanthus nivalis lectin columns (Vector Labs), to obtain HIV-1 gp120-14K CHO-K1 and gp120-14K CHO-Lec , respectively. In the case of HIV-1 gp120 BX08 protein, 293T cells grown in 150 mm plates were transfected using standard calcium phosphate method [39] with 50 μg of the plasmid vector pCMV-gp120 BX08 per plate and after 72 h, gp120 was purified from clarified cell supernatants through the lectin column. A liter of clarified cell supernatants were pumped through the phosphate-buffered saline (PBS)-prewashed column at a rate of 0.2 ml/min using a peristaltic pump. The column was then washed with 15 ml of cold PBS, and the proteins were eluted with 25 ml of 0.5 M methyl-α-D-manno-pyrannoside (Sigma) at a rate of 0.2 ml/min. Positive fractions were pooled and then passed through a Superdex-200 size exclusion chromatogram (SEC) according to manufacturer's instructions (GE Healthcare). The fractions containing the oligomers were pooled and then concentrated using centrifugal concentrators with a cutoff of 100 kDa (Millipore). Furthermore, gp120-14K protein was also purified using a monoclonal antibody generated in our laboratory, which has high affinity for the gp120-14K oligomer but not the monomer (data not shown). Moreover, gp120-14K protein purified from CHO-Lec cells was further deglycosylated by treatment with Endo-H, according to manufacturer's instructions (Sigma Aldrich). The proteins were tested for LPS contamination using chromogenic Limulus Amebocyte Lysate (LAL) kit (QCL-1000, Lonza). Proteins remained stable at room temperature (RT) for more than 2 weeks and had less than 0.2 endotoxin units (EU) of LPS per mg of protein based on LAL assay (Lonza). The purified clade B HIV-1 gp120 protein from isolate IIIB (EVA607) was obtained from the Centre for AIDS Reagents, NIBSC and was donated by ImmunoDiagnostics Inc, and the purified gp140 clade B consensus (B.con_env03 gp140 CF) was a kind gift of Barton Haynes (Duke University). The purified clade C HIV-1 gp140 (from isolate CN54) was a kind gift from Greg Spies (Fred Hutchinson Cancer Research Center).
SDS-PAGE and blue native (BN) PAGE
The recombinant HIV-1 gp120-14K proteins were analyzed by SDS-PAGE and BN-PAGE and stained with coomassie blue. Briefly, the proteins were mixed with 1X Laemmli buffer and run on a 10% SDS-PAGE with or without β-mercaptoethanol (reducing and non-reducing conditions, respectively). For BN-PAGE the NativePAGE Novex Bis-Tris gel system (Invitrogen) was used according to manufacturer's instructions.
Electron microscopy and image processing
Samples of HIV-1 gp120-14K were applied onto carbon-coated copper grids and stained with 2% uranyl acetate. Micrographs were taken under minimal dose conditions in a JEOL JEM1200EXII microscope operated at 100 kV and digitized in a Nikon Super CoolScan 9000 scanner with a pixel size of 2.12 Å/pixel. Individual particles were manually selected using XMIPP3.1 [40] . Image classification was performed using multi-reference free pattern based on correlation and standard maximum correlation criterion refinement (CL2D), as implemented in XMIPP3.1 [41] . Homogeneous populations were obtained and averaged for a final two-dimensional characterization.
RNA extraction and quantitative RT-PCR
Total RNA was isolated from moDCs (2×10 5 cells) mock-treated or treated with 5 μg of HIV-1 gp120 and gp120-14K CHO-K1 proteins in a 96-well plate, using RNeasy Kit (Qiagen) according to manufacturer's instruction. cDNA was obtained from 1 μg of RNA using QuantiTect Reverse Transcription kit (Qiagen). Quantitative real-time PCR was carried out with a 7500 Real-Time PCR system (Applied Biosystems) using the Power SYBR Green PCR Master Mix (Applied Biosystems), as previously described [33, 42] . Expression levels of different genes involved in innate immune responses (IL-1β, IFN-γ, IL-8, IL-12, IL-6 and RANTES) were analyzed at 3 and 6 h post-treatment. The expression levels were represented as arbitrary units (AU) with reference to the house keeping gene hypoxanthine guanine phosphoribosyltransferase (HPRT). All samples were tested in duplicate, and two independent experiments were performed.
Chemokine measurements by Luminex
IL-6 and RANTES concentrations in cell-culture supernatants from moDCs (2×10 5 cells) mock-treated or treated with 5 μg of HIV-1 gp120 and gp120-14K CHO-K1 proteins were measured at 24 h post-treatment using Luminex technology according to manufacturer's instructions (Millipore).
Animals and immunizations
Female BALB/c mice (H-2 Following immunization, animals were sacrificed on day 10 and 68 using carbon dioxide (CO 2 ), and their spleens were processed to measure the adaptive and memory immune responses, respectively. Two independent experiments were performed.
Multiparameter flow cytometry
The magnitude, polyfunctionality and phenotypes of the HIV-1-specific T-cell adaptive and memory responses were analyzed by flow cytometry and intracellular cytokine staining (ICS) as previously described [33, 43] . Briefly, splenocytes were rested overnight and the following day 4×10 6 splenocytes were stimulated with 5 μg/ml of HIV-1 Env peptide pool spanning the full length gp120 from BX08 isolate in addition to 1 μl/ml GolgiPlug (BD Biosciences), anti-CD107a-Alexa 488 (BD Biosciences), and monensin (1X; eBioscience) in RPMI 1640 media supplemented with 10% FCS for 6 h in a 96 well plate. Peptides were provided by the Eurovacc Foundation and were previously described [31] . Also, splenocytes were stimulated with A20 cells transfected with DNA-gp120 (4 x 10 5 gp120 transfected A20 cells in 4 x 10 6 splenocytes; the ratio of gp120-transfected A20 cells to splenocytes was equal to 1:10). Following stimulation, cells were washed, Fc receptors were blocked using anti CD16/CD32 (BD Biosciences), stained for the surface markers, fixed, permeabilized (Cytofix/Cytoperm kit; BD Biosciences), and stained intracellularly for cytokines with the appropriate fluorochromes. Dead cells were excluded using the violet LIVE/ DEAD stain kit (Invitrogen). Cells were stained with different mouse antibodies, such as CD3-PE-CF594, CD4-APC-Cy7, CD8-V500, IFN-γ-PE-Cy7, IL-2-APC and TNF-α-PE (all from BD Biosciences). In addition, for differentiating memory T-cells the following antibodies were used: CD62L-Alexa 700 (BD Biosciences) and CD127-PerCP-Cy5.5 (eBioscience). A million cells were then passed through GALLIOS flow cytometer (Beckman Coulter) and the data was analyzed with FlowJo (Tree Star. Inc) and Spice (version 5.0). Appropriate controls were used and the values from unstimulated samples were subtracted.
ELISA analysis
Antibodies present in the serum of immunized animals were determined using ELISA as previously described [26, 33, 37] . Human broadly neutralizing antibodies (bnAbs) PG9 (ARP3294), PG16 (ARP3293), b12 (EVA3065), VRC01 (ARP3291) and 2G12 (EVA3064) were obtained from the Centre for AIDS Reagents, NIBSC. Human antibodies PGT-121, 257-D IV were obtained from the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH (USA). Human antibody 10-1074 was a kind gift of Michel Nussenzweig (Rockefeller University). Proteins tested for binding to human bnAbs were: gp120-14K Lectin/SEC protein, derived from CHO-K1 cells purified by lectin columns followed by SEC; gp120-14K Ab purified protein, purified using a monoclonal antibody generated in our laboratory which has high affinity for the gp120-14K oligomer but not the monomer; gp120-14K Deglycosylated protein, purified from CHO-Lec cells and treated with Endo-H, and recombinant clade B gp120 protein (IIIB). Other proteins from clades B and C used for binding to human bnAbs were: gp120 (BX08); gp140 (B consensus) and gp140 CN54 (clade C). Purified proteins were coated on 96 well Nunc Maxisorp plates at a concentration of 2 μg/ml in PBS and incubated at 4°C overnight. Serial dilutions of Abs were made and the bound antibodies to Env were detected using 1:2000 dilution of HRP conjugated goat anti-human antibody (Sigma). Furthermore, antibody levels in vaccinated animals against proteins gp120-IIIB, gp120-14K CHO-K1 and PYCS-14K (an oligomeric fusion protein between circumsporozoite protein of malaria parasite Plasmodium yoelii and 14K) were detected using 1:2000 dilution of HRP conjugated goat anti-mouse antibody total IgG, IgG1, IgG2a or IgG3 (Southern Biotechnology Associated, Birmingham). Plates were developed by adding 3,3',5,5' Tetramethylbenzidine (TMB) substrate (Sigma) and stopping the reaction with 1 M H 2 SO 4 . Absorbance was read at 450 nm. Endpoint titer values were determined as the last positive dilution of serum giving an absorbance value three times higher than naïve serum.
Data analysis
Statistical analysis was performed using Minitab for Windows. Unpaired Student´s T test was performed to compare responses between groups. ELISA endpoint titers were logarithmically transformed before comparison. For ICS, statistical analysis was done based on previously described method [37, 44] .
Results
Production and purification of HIV-1 gp120-14K protein
To produce an oligomeric HIV-1 gp120, we took advantage of the 110 aa of the VACV 14K protein (derived from A27L gene) that forms trimeric coiled coils [30] , and forms oligomers when fused to the Plasmodium circumsporozoite CS antigen [26] . Thus, a N-terminal truncated VACV 14K protein (1-28 aa, to remove the GAG binding domain) was fused to the C-terminus of a clade B HIV-1 gp120 protein (from isolate BX08), generating the HIV-1 gp120-14K protein (Fig 1A) , in a similar fashion to what we reported previously for a malaria antigen [26] . The clade B HIV-1 gp120 protein used in this study is a codon optimized synthetic construct derived from isolate BX08 (AAG49242.1), which has 92% and 88% similarity with optimized HIV-1 subtype B consensus gp120 (ABG67916.1) and with clade B HIV-1 gp120 from IIIB isolate (AIJ50275.1), respectively. For stable and large scale production, we generated CHO cell lines expressing HIV-1 gp120-14K protein, as described under Materials and Methods. Proteins were purified using Galanthus nivalis lectin from the supernatants of CHO-K1 and CHO-Lec 3.2.8.1 (a glycosylation defective mutant cell line) cell lines with a yield of approximately 7 mg/liter. In addition, we purified the protein using a monoclonal antibody which has high affinity for the gp120-14K oligomer but not for the monomer. The purified HIV-1 gp120-14K proteins were run on SDS-PAGE under non-reducing conditions and the corresponding coomassie stained gels and western blots using antibodies against HIV-1 gp120 or VACV 14K proteins showed that most gp120-14K proteins appear as high molecular weight (Fig 1B) , with subtle differences observed in the size of monomers derived from CHO-K1 (gp120-14K CHO-K1 ) versus CHO-Lec (gp120-14K CHO-Lec ) cells, probably due to different glycosylation or mannose content. Moreover, the SEC profile of HIV-1 purified proteins from CHO-K1 and CHO-Lec cells reveals the presence of HIV-1 gp120-14K, mainly as oligomers over monomers (Fig 1C, left panel) . The oligomeric fraction of SEC purified gp120-14K CHO-K1 was further analyzed by BN-PAGE ( Fig  1C) . The main band of about 520 kDa in the pooled oligomeric fraction was compatible with a trimer (Fig 1C, lane 1) . The BN-PAGE also reveals a minor presence of monomers over oligomers in the purified gp120-14K CHO-K1 proteins before SEC ( Fig 1C, lane 2) . Furthermore, the state of individual particles of HIV-1 gp120-14K was evaluated by electron microscopy, which clearly highlights the three lobes of HIV-1 gp120 indicating a trimeric assembly (Fig 2) .
Overall, we successfully purified an oligomeric HIV-1 gp120-14K protein and established a viable cell system capable of stable expression of gp120-14K proteins in significant quantities.
Antigenic characteristics of HIV-1 gp120-14K determined by binding to a panel of broadly neutralizing human monoclonal antibodies Next, we examined the antibody binding characteristics of the HIV-1 gp120-14K protein, which was purified by lectin and SEC (gp120-14K Lectin/SEC ) or by immunoaffinity (gp120-14K Ab purified ), against a panel of well characterized HIV-1 neutralizing antibodies, in comparison with purified HIV-1 gp120, gp140 and deglycosylated gp120-14K.
Quaternary conformation dependent binding antibodies. An important class of HIV-1 gp120 neutralizing antibodies recognizes the quaternary structure of gp120, targeting the V2 and V3 loops [45] , such as PG9 and PG16, which binds strongly to trimeric gp120 in a glycan dependent fashion [15, 46] . Here, we used PG9 and PG16 antibodies to evaluate the structural conformation of the HIV-1 gp120-14K protein. The results showed that both antibodies bind, although weakly, to gp120-14K protein (Fig 3A and 3B) , with PG9 having higher affinity than PG16. These antibodies did not bind with monomeric gp120 or with gp140, as well as with the Endo-H treated gp120-14K CHO-Lec (gp120-14K Deglycosylated ).
CD4 binding antibodies. Antibodies targeting the CD4 binding site (CD4bs) are considered to be of prime importance in HIV-1 neutralization, considering the fact that binding of gp120 to CD4 initiates the mechanism behind viral entry [47, 48] . Among this class of widely studied antibodies, b12 and VRC01 are of paramount significance [49, 50] . Primary analysis based on a capture ELISA with soluble human CD4 showed that HIV-1 gp120 and gp120-14K proteins, irrespective of their conformation or glycosylation, have similar affinities for CD4 (data not shown). The ELISA binding of b12 and VRC01 showed that these antibodies had similar binding capacity to the different gp120 proteins, irrespective of their conformation ( Fig  3C and 3D) . However, gp120-14K Deglycosylated had lesser affinity to these antibodies. Thus, the conformation of the HIV-1 gp120-14K protein neither occludes the binding of CD4 to the protein nor the antibodies targeting CD4 binding sites.
Glycan dependent antibodies. An important class of neutralizing antibodies targets complex sugar molecules on the surface of gp120 [51] . Even though glycans are partly responsible for shielding protective epitopes and are known to neutralize the effect of potent antibodies by glycan repositioning, many potent neutralizing and non-neutralizing antibodies target these sugars [51] . 2G12 is a well-known antibody belonging to this class which binds to the terminal α1!2-linked mannose residues [52] . Thus, we evaluated the binding of varying concentrations of 2G12 antibody to the HIV-1 gp120-14K protein by ELISA, and the results showed that 2G12 binds to both oligomers and monomers of the glycosylated gp120-14K protein and the monomeric gp120 (Fig 3E) .
V3-loop binding antibodies. Another important class of neutralizing antibodies are those directed against the V3 loop of HIV-1 gp120 [53] . Thus, to carry out direct comparison of the antigenic nature of gp120-14K over gp120 from clade BX08, we produced and purified these two proteins from mammalian cell lines. ELISA was performed with PGT121 [54] [55] [56] [57] , 257-D-IV [58, 59] and 10-1074 [60] antibodies targeting the V3 loop. PGT121 has higher binding to gp120-14K and gp140 consB than monomeric gp120 (BX08), lacking reactivity with gp120 (IIIB) (Fig 3F) . In the case of the V3 loop antibody 257-D IV, there was similar reactivity for gp120-14K as for gp120 (BX08) (Fig 3G) . Similar findings were observed with the antibody 10-1074 reacting at the base of the V3 loop (Fig 3H) .
Overall, the binding of a panel of HIV-1 neutralizing antibodies (summarized in Fig 3H) reveal that gp120-14K has broad antigenicity as is recognized by a wide spectrum of HIV-1 neutralizing antibodies. Table showing the reactivity of HIV-1 gp120-14K, gp120 (BX08), gp120 (IIIB) and gp140 (clade B consensus) proteins against a panel of wellknown neutralizing antibodies. The binding level is indicated using plus or minus symbols. N/A: not available. HIV-1 proteins used in panels A to E were: gp120-14K Lectin/SEC protein, derived from CHO-K1 cells purified by lectin columns followed by SEC; gp120-14K Ab purified protein, purified using a monoclonal antibody generated in our laboratory; gp140 CN54 protein; gp120-14K Deglycosylated protein, purified from CHO-Lec cells and treated with Endo-H; r-gp120 monomeric gp120 protein (IIIB). HIV-1 proteins used in panels F and H were: gp120-14K Lectin/SEC , gp120 (BX08), gp120 (IIIB) and gp140 (clade B consensus).
doi:10.1371/journal.pone.0133595.g003
Oligomeric gp120-14K Protein as an HIV Immunogen
HIV-1 gp120-14K upregulates Th1 innate immune responses in human moDCs
Innate immune sensing of proteins by DCs plays a pivotal role in shaping up long-term immune responses [61] . Therefore, we examined the profiling of innate immune responses induced in human moDCs stimulated with monomeric gp120 and SEC purified oligomeric gp120-14K CHO-K1 proteins, by using quantitative RT-PCR and Luminex. The results showed that genes influencing Th1 innate immune responses, such as IL-1β, IL-8, RANTES, IFN-γ, IL-6 and IL-12p40 were significantly upregulated by gp120-14K CHO-K1 at 3 and 6 h post-treatment, in comparison to mock cells or to monomeric gp120 protein (Fig 4A) . Furthermore, upregulation of pro-inflammatory cytokines IL-6 and RANTES at mRNA level, by treatment with gp120-14K CHO-K1 , were validated using Luminex, analyzing the supernatants from moDCs at 24 h post-treatment (Fig 4B) . Thus, these data demonstrated the ability of HIV-1 gp120-14K to upregulate the innate immune responses, favoring a Th1 response in human moDCs.
Vaccine based on HIV-1 gp120-14K induces polyfunctional Env-specific CD4 + and CD8 + T-cell adaptive and memory immune responses
The role of Env-specific CD4 + and CD8 + T-cells are well documented in controlling viral growth [17] . This was further substantiated by studies in macaques which ratified the importance of CD8 + T-cells in reducing viremia [62] . Thus, in this study we evaluated in mice, the immunogenicity of HIV-1 gp120-14K, using different prime/boost combinations with DNA, protein or a recombinant MVA expressing HIV-1 Env, Gag, Pol and Nef antigens from clade B (termed MVA-B). The different groups and the immunization schedules are represented ( Fig  5A) and are described in Materials and Methods. There are two immunization groups that can be compared head-to-head to establish the activity of VACV 14K in vivo: groups 1 and 2. Plasmid DNA vectors expressing gp120-14K (DNA-gp120-14K) or gp120 (DNA-gp120) from BX08 were used for priming in this study. The animals received 100 μg of DNA (DNA-gp120 or DNA-gp120-14K) or 20 μg of adjuvant free protein (gp120-14K CHO-K1 or gp120-14K CHO--Lec ) or 2×10 7 PFU of MVA-WT or MVA-B, either as priming or as boosting agent. DNA and proteins were administered i.d, while viruses (MVA-WT or MVA-B) were given by i.p route. Env-specific CD4 + and CD8 + T-cell adaptive and memory immune responses induced in immunized mice were measured by ICS. The total magnitude of Env-specific CD4 + and CD8 + T-cells during adaptive and memory phases, determined as the sum of the individual responses producing CD107a, IFN-γ, TNF-α and/or IL-2 obtained for the Env peptide pools, was significantly higher in the DNA-gp120-14K/MVA-B immunized animals than in all the other groups (Fig 5B and 5C, respectively) . While the total frequency of Env-specific T-cell responses were higher in DNA primed animals than those receiving the gp120-14K protein (gp120-14K CHO-K1 or gp120-14K CHO-Lec ), animals primed with gp120-14K protein and boosted with MVA-B had higher Env-specific CD4 + and CD8 + T-cell responses than those immunized with the homologous prime/boost protocol with MVA-B, the homologous prime/boost protocol with gp120-14K protein or the heterologous MVA-B prime/gp120-14K boost immunization group (Fig 5B and 5C) . Furthermore, overall Env-specific immune responses were mainly mediated by CD8 + T cells in DNA-gp120/ MVA-B and DNA-gp120-14K/MVA-B immunization groups (Fig 5B and 5C) . Moreover, in all the immunization groups, we observed an increment in the magnitude of Env-specific CD4 + T-cells during memory phase compared to the adaptive immune responses (Fig 5B) .
However, magnitudes of Env-specific CD8 + T-cells detected were similar during the adaptive and memory phases (Fig 5C) . Similar findings were observed in two independent experiments, and comparable results were obtained when A20 cells transfected with DNA-gp120 were used as a stimulus instead of the Env peptides (S1A and S1B Fig) .
Based on previous studies on the importance of long-term polyfunctional memory T-cells in mediating protection against viral infections [63] , we next analyzed the differences in the polyfunctionality of Env-specific CD4 + and CD8 + T-cell adaptive and memory immune responses induced by the different immunization protocols. Polyfunctionality was defined by the ability of Env-specific T-cells to express different combinations of CD107a, IFN-γ, TNF-α or IL-2 cytokines, and measures the quality of the T-cell immune responses.
The results for the CD4 + T cell responses showed that during the adaptive phase, DNAgp120/MVA-B and DNA-gp120-14K/MVA-B immunization groups induced similar highly polyfunctional profile of Env-specific CD4 + T-cells (Fig 6A) . However, during the memory phase the polyfunctionality and magnitude of CD4 + T-cells was significantly improved by the DNA-gp120-14K/MVA-B immunization group, with nearly a two-fold improvement in the TNF-α + IL-2 + (p<0.001) (Fig 6B) . Additionally, while the gp120-14K protein-primed animals produced polyfunctional adaptive and memory CD4 + T-cells, the magnitude was significantly lower than those induced by the DNA-primed groups, but significantly higher than those produced by the homologous MVA-B/MVA-B immunization group (p<0.005).
In terms of the CD8 + T cells, DNA-gp120/MVA-B and DNA-gp120-14K/MVA-B immunization groups induced similar highly polyfunctional profile of Env-specific CD8 + T-cells, during the adaptive (Fig 7A) and memory (Fig 7B) phases. However, DNA-gp120-14K/MVA-B induced a significant increase in the magnitude of CD8 + T-cell populations producing (Fig 7A and 7B) . Moreover, the gp120-14K CHO-K1 /MVA-B immunization group also improved the polyfunctional CD8 + T-cell profile compared to all the other groups, with one third of the population being "quadruple positive" and more than half "triple positive", albeit with lower magnitude (Fig 7B, pie charts) . Additionally, polyfunctionality of Env-specific CD4 + and CD8 + T-cell memory immune responses induced by DNAgp120/MVA-B and DNA-gp120-14K/MVA-B immunization groups was also observed when A20 cells transfected with DNA-gp120 were used as a stimulus instead of the Env peptides (S1C and S1D Fig) .
Overall, DNA-gp120-14K priming/MVA-B boost was the best protocol, as it enhanced in immunized mice the quantity and quality of Env-specific CD4 + and CD8 + T-cell adaptive and memory immune responses; and it also provides a quantitatively higher immune response than protein/MVA protocol. This latter protocol triggered higher HIV-1-specific immune responses than MVA/protein, protein/protein or MVA/MVA immunizations.
HIV-1 gp120-14K significantly improves the generation of long-term effector memory T-cells
We also determined the phenotype of the Env-specific memory CD4 + and CD8 + T-cells by measuring the expression of CD127 and CD62L surface markers, which allowed us to define the different memory subpopulations: central memory (T CM ; CD127 + /CD62L + ), effector memory (T EM ; CD127 + /CD62L -), and effector (T E ; CD127 -/CD62L -) T cells [64, 65] . The results showed that most of the Env-specific memory CD4 + and CD8 + T-cells induced by vaccination with all the different immunization groups have a T EM phenotype (Fig 8) . Moreover, DNAgp120-14K/MVA-B immunization group significantly improved the magnitude of T EM CD4 + T-cells by 1.5 fold (p < 0.005) (Fig 8A) and T EM CD8 + T-cells by 2.5 fold (p < 0.005) (Fig 8B) , compared to DNA-gp120/MVA-B immunization group. Similar results were also observed when A20 cells transfected with gp120 were used as a stimulus instead of the Env peptides (S2A and S2B Fig) .
These data indicate that the essential long-term effector memory T-cells, which known to be an important correlate of protection in the SIV infected macaque model [66] , are significantly augmented by DNA-gp120-14K priming.
Vaccination based on HIV-1 gp120-14K favors the induction of gp120-specific IgG2a and IgG3 over IgG1 antibodies (23) (24) (25) . Therefore, we analyzed by ELISA in serum obtained at the memory phase from immunized mice, for the levels of gp120-specific total IgG, as well as for the different isotypes IgG1, IgG2a and IgG3 antibodies. The different immunizations were able to induce high titers of total IgG antibodies against the monomeric gp120 (except for the PBS/MVA control group), or against gp120-14K. A homologous prime/boost immunization with gp120-14K CHO-K1 protein produced antibodies which recognized epitopes exposed on the oligomeric gp120-14K protein, but not on the monomeric gp120 protein (Fig 9A) . Comparative analysis of ratios of IgG2a and IgG3 over IgG1 revealed that these prime/boost protocols trigger a preferential induction of IgG2a and IgG3 isotype antibodies against gp120 and gp120-14K. Additionally, priming with gp120-14K CHO-Lec protein and booster with MVA-B produced the higher ratios of IgG3 over IgG2a, against both gp120 (Fig 9B) and gp120-14K CHO-K1 (Fig 9C) .
Therefore, HIV-1 gp120-14K is an effective immunogen as it induced good Env antibody responses with preferential IgG3 and IgG2a isotypes, thereby skewing the response towards a Th1 phenotype.
Discussion
HIV/AIDS vaccine candidates in clinical trials based on Env protein have met with limited success since most of them were monomers and do not resemble the native trimeric form of the HIV-1 gp120 protein [67] [68] [69] . Even the RV144 phase III clinical trial, which showed modest protection against HIV-1 infection, comprised of a monomeric gp120 [11] . Thus, recent studies have clearly elucidated the importance of conformational integrity of HIV-1 gp120 protein in eliciting protective immune responses against HIV-1 [13, 46] , and have emphasized the requirement of a trimeric HIV-1 gp120 protein to enhance the generation of neutralizing antibodies [46] . However, issues involving stability and glycosylation hampered the development of an effective trimeric HIV-1 gp120 protein. Thus far, generation of a more native-like HIV-1 gp140 was attained by mutating residues so as to stabilize the gp120/gp41 interaction or by the addition of a trimerization domain such as GCN4 [70, 71] . The generation of more stable trimers of gp140 has been recently obtained [46, 72, 73] . Therefore, while an array of native-like gp120 vaccine candidates have been developed there is interest in the development of novel Env vaccine candidates with enhanced immunogenicity at the B and T cell level. We hypothesized that the VACV 14K (A27) protein fused to HIV-1 gp120 should aid the oligomerization of gp120 leading to enhanced immunogenicity of the chimeric protein, as previously shown for the Plasmodium CS antigen with proven protective efficacy after its fusion to VACV 14K protein in the malaria murine model of infection [26] . Interestingly the coiled coil domain of 14K protein is similar to the heptad region 1 of HIV-1 gp41 [27, 74] . Our study here provides an in-depth analysis of a new oligomeric form of gp120 fused with the VACV 14K Statistical significance between the DNA-gp120 primed animals to other groups was analyzed. ** p < 0.005; *** p < 0.001. Fusing VACV 14K protein to HIV-1 gp120 aided the formation of stable, soluble gp120-14K oligomers which were easily purified in high quantities from CHO cells under native conditions using lectin chromatography followed by SEC. The molecular weight of the gp120-14K based on SEC and BN-PAGE analysis corroborates with gp120 trimers [46, 70, 73] . Furthermore, apparent trimer-like proteins were also observed by electron microscopy. The fact that the gp120-14K protein remains oligomeric after SDS-PAGE denaturation under non-reducing conditions suggests that the protein is held together by inter monomer disulfide bonds. We generated two different HIV-1 gp120-14K proteins (gp120-14K CHO-K1 and gp120-14K CHO-Lec ) differing in their glycosylation pattern so as to evaluate the effect of glycosylation on monoclonal Ab binding and immunogenicity. To remove complex glycans from gp120-14K, the protein was produced in CHO-Lec 3.2.8.1 cells, which lack the enzyme GlcNAc transferase T 1 , required to process complex sugars [75] . Differential glycosylation of the protein did not obscure the binding of CD4 to the protein. However, we believe that the oligomeric assembly prevents the accessibility of Endo-H (β1-4 glycosidase) resulting in the strong binding of 2G12 antibody to gp120-14K Deglycosylated . On the other hand, binding of PG9 and PG16 antibodies to gp120-14K Deglycosylated protein was abrogated but not with fully glycosylated gp120-14K CHO-K1 since these antibodies interact with Man 5 GlcNAc 2 -Asn 160 [45] , which lies very near to the glycan stem, and therefore could be easily accessed by the enzyme. Moreover, the gp120-14K protein reacted well with monoclonal Abs against a glycan-dependent epitope, N332 glycan V3 loop, the V3 loop and at the base of the V3 loop. These studies highlight the antigenic nature of gp120-14K.
Several studies have elucidated the role played by DCs in shaping immune responses against HIV-1 infection [76] [77] [78] . As an immunosuppressive agent, gp120 inhibits the activation of DCs, and is known to induce IL-10, promoting a Th2 response [79, 80] . In contrast, gp120-14K CHO-K1 was able to induce a Th1 response in human moDCs with a significant upregulation of IL-12, IFN-γ and TNF-α expression, cytokines which are known to aid DCs in priming T-cells [81] . This is consistent with our earlier report based on circumsporozoite-14K fusion protein of malaria where we showed that VACV 14K as such is not immunogenic and in fact the oligomerization of the protein is essential in driving the immune response [26] . Moreover, HIV-1 gp120-14K significantly enhanced RANTES production, an important β-chemokine that has been shown to be a potent suppressor of HIV-1 infection [82, 83] , and in addition acts as a chemoattractant for monocytes and T-cells, an advantageous feature to enhance immunogenicity. However, the upregulation of IL-1β gene by gp120-14K was not reflected at protein level, indicating that the gp120-14K was able to enhance the production of pro-IL-1β but may require additional activation of the NLRP3 inflammasome complex to produce caspase-1 which cleaves pro-IL-1β into active IL-1β [84] .
Previous studies have shown that gp120-based HIV/AIDS vaccine candidates generate IgG1 antibodies against gp120, promoting a Th2 humoral immune response. However, it is essential to induce a much broader antibody response against gp120, mediated by IgG2a and IgG3 antibodies which promote a Th1 humoral immune response [61, 85, 86] . This is reflected in our in vivo studies where vaccination based on gp120-14K priming (either as a DNA or as a protein) was able to induce higher levels of IgG2a and IgG3 antibodies than IgG1. In fact, IgG2a predominantly targets polysaccharides, while IgG3 have high affinity for F C receptor which aids ADCC [87] [88] [89] . Therefore, higher levels of IgG2a and IgG3 antibodies targeting gp120-14K, associated with a homologous prime/boost based on gp120-14K CHO-K1 protein, is of prime importance. Recently, IgG3 antibodies directed against V 1 /V 2 region of gp120 were identified as an important correlate of protection in vaccinated individuals [23] . Furthermore, the decrease in IgG2a antibodies in gp120-14K CHO-Lec protein-primed immunized mice is due to the significant reduction in the complex sugars, since this antibody isotype has been reported to target mainly the carbohydrate moiety [88, 90] . Therefore, the ability of HIV-1 gp120-14K to skew the response in favor of a Th1 humoral immune response, especially IgG3, could prove beneficial in the generation of neutralizing antibodies.
Our results confirm that the robust Th1 innate immune responses primed by HIV-1 gp120-14K protein in moDCs were translated into strong adaptive and memory HIV-1-specific CD4 + and CD8
+ T-cell immune responses. Previous reports have shown the association of increased CD4 + and CD8 + T-cell responses with reduced viremia [17, 62] . Moreover, a strong association of effector memory CD4 + Th1 cells producing IFN-γ + IL-2 + with reduced viremia in long-term nonprogressors (LTNPs) has been reported [91] . Another important correlate of protection in LTNPs, is the induction of polyfunctional CD8 + T-cells with 4 or more functions, especially associated with degranulation, IFN-γ and IL-2 [92] . Therefore, the significant increment in polyfunctionality of HIV-1-specific CD8 + T-cells by the DNA-gp120-14K/MVA-B immunization observed in this study is important for a vaccine immunogen. The high frequency of polyfunctional CD62L -CD127 + effector memory T-cells induced by DNA-gp120-14K/MVA-B prime-boost could help to provide long lasting immunity, the ultimate goal of any vaccine [65, 93, 94] . It should be noted that in this study we have not mixed the purified gp120-14K protein with adjuvants, as the VACV 14K protein provides an adjuvant effect. However, to further enhance the magnitude of HIV-1-specific B and T-cell immune responses by the purified gp120-14K other adjuvants currently in use in the HIV field could be considered. In summary, these results demonstrate that the VACV 14K protein can help in the oligomerization and immunogenicity of HIV-1 Env when fused with gp120, generating an HIV-1 gp120-14K protein that can easily be purified from cultured cells, is recognized by a broad panel of HIV-1 neutralizing monoclonal antibodies and in immunized animals induces in prime/boost protocols, strong, broad, highly polyfunctional and memory gp120-specific T-cell responses, together with high titer of antibodies against gp120 of the class IgG2a and IgG3. This novel immunogen HIV-1 gp120-14K, delivered as DNA vector and/or purified protein, can be considered as a potential HIV vaccine candidate for broad T-cell and B-cell immune responses. 
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